Epstein-Barr virus (EBV), a human gamma-herpes virus, is an infectious agent associated with several lymphoproliferative disorders, including Burkitt\'s lymphoma and Hodgkin\'s disease, and non-lymphoproliferative malignancies, such as nasopharyngeal carcinoma (NPC) and gastric cancer[@b1],[@b2]. Among these EBV-associated malignancies, nonkeratinizing NPC constitutes a significant health burden in South China due to its high incidence and early-age onset.

Nonkeratinizing NPC is a unique epithelial carcinoma in the head and neck region with peculiar histological and molecular characteristics, including intensive infiltration of lymphocytes, undifferentiated or poorly differentiated appearance, absence of *p53* mutations, and consistent association with EBV infection. In contrast to its high incidence in South China and Southeast Asia, nonkeratinizing NPC is rarely found in western countries. Genetic susceptibility and environmental factors in the high-risk regions may contribute to the distinctive geographic and ethnic prevalence of the disease. Tumors arising in the post-nasal cavity were first reported in the early 1900s[@b3]. However, the histological variations in the tumors were not brought to research attention, and their causes remained obscure for over half a century. Following the discovery of EBV by Epstein *et al*.[@b4], several groups provided serologic and molecular evidence of the association of EBV with a certain type of post-nasal space carcinoma[@b5]. Later, this EBV-associated carcinoma was demonstrated to be a nonkeratinizing histological subtype of NPC[@b6]. In almost all nonkeratinizing NPCs, the EBV genome and its gene products for type II latency were detected in each tumor cell. Most importantly, the clonal origin of EBV infection in NPC was demonstrated by analyzing the terminal repeats in EBV episomes from NPC and premalignant lesions. These findings imply that NPC is derived from the expansion of a single EBV-infected nasopharyngeal epithelial cell. The critical roles of EBV infection in the initiation and progression of NPC are also supported by the oncogenic properties of various latent gene products \[e.g., latent membrane protein 1 (LMP1), latent membrane protein 2A (LMP2A), and Epstein-Barr virus BamHI-A rightward transcripts (BARTs)\] expressed in the cancer. We also revealed that the persistent latent EBV infection of these cells was dependent on the presence of specific genetic lesions, such as allelic loss of 3p, *p16* inactivation, or *CCND1* (*Cyclin D1*) amplification. The accumulation of additional genetic and epigenetic abnormalities may drive the tumorigenic process and contribute to the development of NPC.

Currently, the mainstay treatments for NPC are radiotherapy and chemoradiotherapy. Despite the high success rate (over 90%) in treating patients in early disease stages, these treatments are less than satisfactory for those with local relapse or distant metastasis[@b7],[@b8]. The relapse rate remains high among NPC patients, although intensive efforts are being aimed at optimizing and improving the current chemotherapeutic strategies. It is thus of the utmost importance to identify novel therapeutic approaches for preventing tumor relapse and to develop potential treatments for relapsed tumors. Tumor relapse is believed to result from the failure to eradicate all tumor cells using conventional treatment. In this case, the tumor cells that survive after treatment subsequently develop into a new tumor mass or become metastatic. These drug-resistant cells have been shown to possess stem cell-like properties such as self-renewal and have thus been coined "cancer stem cells/cancer stem-like cells" (CSCs)[@b9]. The identification of a CD34^+^CD38^−^ initiating cell population in human myeloid leukemia by Lapidot *et al*.[@b10] provided the first and fundamental evidence of the concept of CSCs (or "tumor-initiating cells"). Although the concept of CSC has been debated ever since their discovery, it is currently revolutionizing the field of cancer research[@b11]. In the past decade, CSCs have been identified in a number of solid tumors and their role in cancer development has been experimentally tested[@b12]. In NPC, increasing evidence supports the persistence of a small subpopulation of CSCs and the important roles they play in tumor progression. However, controversial findings are noted among the studies on EBV-positive and EBV-negative NPC cell lines. As shown in recent studies, the EBV latent genes, *LMP1* and *LMP2A*, modulate the expression of CSC-associated genes and alter the stem cell properties of epithelial cells. Researches on EBV-positive cell lines and primary tumors may provide the most relevant information on the role of CSCs in NPC. To achieve consistency and maintain clarity on the topic of EBV-associated NPC, we only review the data from studies on EBV-positive tumors. The role of CSCs in NPC development, the interaction between EBV and CSCs, and the therapeutic potential of CSC targeting are also discussed.

The Concept of CSCs {#s2}
===================

Conventional cancer treatments, such as tumor-targeting radiotherapy and systematic chemotherapy, mainly target the observable mass of tumor cells. However, the origin of cancer, that is, the origin of the first tumor cell and the subsequent sustained tumor growth and renewal, remains elusive. The two main models that have been proposed for cancer development are the stochastic model[@b13],[@b14] and the hierarchical model[@b15]--[@b17] ([**Figure 1**](#cjc-33-11-529-g001){ref-type="fig"}). In theory, CSCs follow the latter model, which suggests that tumors are hierarchical in structure and heterogeneous in nature. In this model, a subpopulation of cells (CSCs) are said to exhibit high self-renewal capacity and differentiation potential, giving rise to daughter cells with less potential, hence sustaining tumor development. The core stem cell-like properties commonly recognized among CSCs in different types of cancer include the ability to self-renew, the potential to differentiate and give rise to daughter cells, the capacity to sustain tumor propagation in serial transplantation, and the exhibition of drug resistance[@b12],[@b13],[@b18]. These stem cell-like biological features suggest that CSCs are likely to be responsible for the initiation, propagation, and dissemination of metastatic tumor cells and the survival and relapse of tumors. The tumor-initiating role of CSCs also makes them remarkable targets for cancer therapy research.

Since the identification of CSCs in leukemia, there has been a plethora of studies on identifying CSCs in solid tumors, such as ovarian cancer[@b19], renal carcinoma[@b20], head and neck squamous cell carcinoma[@b21], and bladder cancer[@b22]. Direct evidence of tumor regeneration from CSC populations has been demonstrated in studies using genetic tracing[@b23],[@b24] and linear tracing[@b25]. A considerable number of publications have also been published on CSC research in NPC.

![Cancer models and the concept of cancer stem-like cells (CSCs).\
A, the stochastic model demonstrates the equal potency among all cells. Tumors arise from an event, such as a mutation, in a certain cell that enables the cell to out-grow other subpopulations, which leads to clonal selection. B, however, the hierarchical model suggests that there is heterogeneity among the cells and that only subpopulations with high clonogenic potential are able to develop into a tumor mass with the same parental composition. The hierarchical model and the stochastic model may not necessarily be contradictory, as mutations and clonal selection may still occur within the hierarchical model. C, the concept of CSCs follows the hierarchical model in that only a certain subpopulation of cells possesses sufficient potential to propagate and give rise to a tumor with the original composition. Tumors originating from CSCs have exhibited serial transplantation in mice models.](cjc-33-11-529-g001){#cjc-33-11-529-g001}

CSCs in NPC {#s3}
===========

In the past few years, numerous studies have sought to identify and characterize the CSC subpopulation in EBV-associated NPC cell lines and primary tumors. A variety of conventional approaches used to examine NPC CSCs were examined in these studies[@b26]. The expression of potential CSC and embryonic stem cell (ESC) markers in the cell lines and primary tumors were analyzed by multiparameter flow cytometry and immunohistochemical staining, respectively[@b27],[@b28]. The anchorage-independent sphere-forming tumor cells or sphe-roids were isolated as a functional subpopulation with CSC properties[@b29],[@b30]. The tumor propagating potential of isolated candidate CSCs was validated in immunocompromised mouse models. These experimental methods aimed to determine whether the target tumor cell population exhibited the commonly recognized properties of a CSC population.

By using fluorescence-activated cell sorting (FACS) based on the Hoechst 33342 efflux, Wang *et al*.[@b31] were the first group to demonstrate the existence of a CSC side population (SP) in NPC cell lines. However, SP cells were detected in 0.7%-6.8% of EBV-negative NPC cell lines whereas the EBV-positive C666-1 cells contained only a scant amount of SP cells (0.1%). Because the ability of SP cells to efflux out of cells is based on the ATP-binding cassette (ABC) subfamily G, member 2 (ABCG2), the low expression of ABCG2 in CSCs may be responsible for the sparse SP in the EBV-associated NPC cell line. Our recent study showed that there was an absence of ABCG2 up-regulation in either the CD44^+^ or sphere-forming cells in C666-1 cells[@b32]. In 2 NPC cases, immunohistochemical staining showed relatively higher ABCG2 expression in recurrent tumors than in corresponding primary tumors[@b32]. Nevertheless, this study did not provide sufficient evidence of the usefulness of ABCG2 as a CSC marker in NPC. A strategy for using the SP approach to enumerate and isolate CSCs in EBV-associated NPC is still needed to further elucidate a panel of primary tumors.

CSCs in various solid tumors were successfully isolated and characterized using cell surface markers, such as CD24, CD44, CD90, CD117, and CD133. Among these markers, CD44 is a prominent antigen found in CSCs in EBV-positive NPC. As a hyaluronan receptor, CD44 was shown to be a CSC marker in head and neck squamous cell carcinoma[@b33] and has been shown to be an important molecule for anti-metastasis therapy[@b34]. In the EBV-positive NPC cell line C666-1, the CD44^+^ CSCs in NPC were demonstrated to have the exclusive ability to self-renew, differentiate, and initiate tumors *in vivo* and were shown to have higher resistance to 5-fluorouracil (5-FU) treatment[@b35],[@b36]. These findings provide solid evidence for the existence of cancer stem cells in EBV-associated NPC. Using flow cytometry analysis, approximately 8%-20% CD44^+^ cells were detected in C666-1 cells and patient-derived xenografts[@b36]. Because identifying the precise CSC subpopulation is crucial for further characterizing their properties and developing effective CSC-targeting therapies, CD44 alone may not be sufficient to define this specific subpopulation[@b37]. The CSC subpopulation is believed to possess stem-like characteristics. Accordingly, a combination of CD44 with ESC transcription factors may help to delineate the precise CSC subpopulation.

To elucidate the role of ESC transcription factors in NPC CSCs, the expression of multiple ESC transcription factors was examined in sphere-forming cells and the CD44^+^ subpopulation[@b24]. Transcription factors such as octamer-binding transcription factor 4 (OCT4) and NANOG are essential for maintaining the pluripotent phenotype of ESCs. These ESC "stem cell markers" are commonly found enriched in CSCs. CD44^+^ NPC CSCs were found to be enriched in transcription factors OCT4, NANOG, and sex-determining region Y (SRY)-box 2 (SOX2)[@b36]. SOX2 was found expressed mostly in CD44^+^ cells, whereas less than 5% of CD44^−^ cells expressed SOX2. SOX2 is a member of the SRY-related high mobility group transcription factor family and is crucial for promoting and maintaining pluripotency in embryonic and adult tissue-specific stem cells[@b38]. The enriched expression of SOX2 in CD44^+^ NPC cells suggests this subpopulation of cells possesses pluripotent potential. Furthermore, human NPC primary tumor cells expressing ESC markers were also shown to be able to form secondary tumors in mouse models[@b39]. CSCs expressing the ESC markers SOX2, OCT4, NANAOG, and NESTIN were also found located at the invasive front in NPC, which were associated with the disease aggressive behavior (T, N, M classification and clinical stage) and patient survival[@b28]. These findings suggest that CSCs play a major role in tumor progression and invasion.

Aldehyde dehydrogenase isoform 1 (ALDH1) is another recognized marker of CSCs, such as those in breast cancer[@b40]. In our study on sphere-forming cells, significant enrichment of ALDH1 expression was found[@b36]. Notably, the ALDH1^high^ cells isolated from the C666-1 cell line demonstrated CSC properties[@b41]. Coincidentally, strong ALDH1 expression was detected at the NPC invasive front, which was associated with the expression of epithelial-to-mesenchymal transition (EMT)-related biomarkers[@b42]. In addition, ALDH1-expressing CSCs demonstrated strong association with NPC tumor budding, disease aggressiveness, and poor patient survival[@b43].

In addition to these markers, several cell surface markers including C-C chemokine receptor type 7 (CCR7) and CD109 were found to be highly up-regulated in the sphere-forming cells using a microarray assay[@b24]. CCR7 is a chemokine receptor that mediates cell migration in response to its ligand CCL21, whereas CD109 is a glycosyl-phosphatidylinositol-anchored glycoprotein that inhibits tumor growth factor-β1 (TGF-β1)-induced growth. The enrichment of the CCR7^+^ and CD109^+^ cell populations in the sphere-forming cells was confirmed by flow cytometry[@b24]. Importantly, the sphere-forming ability of NPC cells was abolished after treatment with the CCR7-blocking antibody. This finding indicates that CCR7 may contribute to the maintenance of CSCs. The role of CCR7 as a new surface marker of NPC CSCs is currently being validated[@b36].

Roles of EBV in NPC CSCs {#s4}
========================

The complex interplay between EBV and genetic aberrations in nasopharyngeal epithelial cells during tumor initiation and progression poses great challenges to NPC research[@b44]. Our earlier studies demonstrated that several genetic aberrations were involved in the initiation of NPC, which were suggested to predispose these NPC cells to subsequent EBV infection[@b45]. In EBV-associated NPC and precancerous lesions, the persistence of the clonal EBV genome indicated that EBV latent infection facilitated tumor initiation and the transformation of nasopharyngeal epithelial cells[@b46],[@b47]. Recent studies have suggested that EBV-encoded proteins could induce stem cell-like properties in epithelial cells[@b48]--[@b50]. In some precancerous lesions, it was also noted that EBV-infected cells only occur in or immediately adjacent to the basal layer of the nasopharyngeal epithelia. It has been speculated that NPC originates from clonal EBV-infected basal stem cells. Therefore, modulating or maintaining the stem cell properties may be a critical function of EBV in NPC initiation[@b51]. The significant increase in the copy number of EBV DNA and the expression of EBV latent genes in isolated NPC CSCs further support this hypothesis[@b36].

All EBV-infected NPC cells exhibit type II latency, with the expression of Epstein-Barr virus nuclear antigen 1 (EBNA1), LMP1, LMP2A, Epstein-Barr virus-encoded small RNAs (EBERs), BARTs, and a number of EBV-encoded microRNAs (miRNAs)[@b52],[@b53]. Among these latent genes, LMP1 encodes a viral oncoprotein, which is responsible for altering multiple cellular mechanisms and signaling pathways in host cells. There is increasing evidence that LMP1 plays a role in acquiring the properties of stem cell-like or progenitor-like cells in NPC. It is well known that LMP1 induces EMT via twist family bHLH transcription factor 1 (TWIST) or snail family zinc finger 1 (SNAIL) in NPC cells. Recently, Kondo *et al*.[@b49] demonstrated that LMP1-mediated EMT induced the CD44^high^ CD24^low^ phenotype and the self-renewal properties of nasopharyngeal epithelial cells. Furthermore, the special AT-rich binding protein 1 (SATB1) up-regulated by LMP1 may contribute to cancer stemness by mediating the proper stem cell differentiation and negatively regulating the pluripotent genes[@b54]. In an early study, LMP1 was proposed to induce a cancer progenitor cell (CPC)-like rather than a CSC-like phenotype due to the lack of induction of pluripotent stem cell-like genes (e.g., OCT4 and NANOG) in LMP1-expressing nasopharyngeal epithelial cells. However, a recent study reported the induction of a SP and some CSC markers such as OCT4, NANAOG, B-cell-specific moloney murine leukemia virus insertion site 1 (BMI-1), and SOX2 in the EBV-negative NPC cell line expressing LMP1. These conflicting findings may be due to the different cell models used. As shown in [**Figure 2**](#cjc-33-11-529-g002){ref-type="fig"}, *LMP1* gene is highly expressed in a small subpopulation of cells in most EBV-positive NPC cell lines and primary tumors. To clarify whether LMP1 induces the CSC or CPC phenotypes, further experiments are needed to directly investigate the CSC phenotype in the LMP1-positive subpopulation.

In addition to LMP1, LMP2A is suspected to induce CSCs in EBV-positive NPC due to its function in altering the NOTCH and Hedgehog (Hh) signaling pathways. The predominant LMP2A expression at the invasive tumor front also suggests that it plays a role in promoting tumor invasion and recurrence. Kong *et al*.[@b50] demonstrated that LMP2A expression up-regulated the stem cell markers BMI1, NANOG, and SOX2 and increased the size of the SP in EBV-negative NPC cell lines. Notably, the overexpression of LMP2A induced EMT and stem-like characteristics in these cells. Furthermore, the predominant expression of LMP2A at the invasive tumor front also suggested its role as a marker of CSC and for predicting NPC progression.

![Diagram showing the cell surface and intracellular molecules involved in the regulation of the stemness properties in nasopharyngeal carcinoma (NPC) cells.\
EBV, Epstein-Barr virus; LMP, latent membrane protein; CCR7, C-C chemokine receptor type 7; OCT4, octamer-binding transcription factor 4; SOX2, sex-determining region Y (SRY)-box 2; ABC, ATP-binding cassette; ABCG2, ATP-binding cassette subfamily G, member 2; ABCC3, ATP-binding cassette subfamily C, member 3; ABCC11, ATP-binding cassette subfamily C, member 11.](cjc-33-11-529-g002){#cjc-33-11-529-g002}

CSC-associated Signaling Pathways {#s5}
=================================

In addition to the EBV latent genes, several stem cell-related pathways such as the NOTCH and Hh pathways were found to be involved in the survival and functioning of NPC CSCs[@b55]. The NOTCH signaling pathways are not only important in normal development, cell fate determination, and stem cell renewal, they also play a crucial role in tumorigenesis and contribute to the CSC functioning in various cancer types[@b56]. In NPC, NOTCH1, NOTCH3, and NOTCH4 are of particular interest. An early study demonstrated that a subpopulation of NPC cells in primary tumors co-expressing SOX2 and OCT4 were involved in an activated NOTCH1 pathway, with increased expression of the downstream effector molecule Hes1[@b57]. In our study, NOTCH3 was found to be consistently overexpressed in NPC tumor cells and to be responsible for cisplatin resistance[@b58]. The silencing of NOTCH3 in NPC demonstrated the suppression of stem cell-like properties such as OCT4 expression, spheroid formation, and *in vivo* tumorigenicity[@b58]. This finding implies that NOTCH3 is a potential therapeutic target for the depletion of CSCs in NPC. The antitumor effects of NOTCH receptor-specific antibodies and recombinant NOTCH3 peptides have been demonstrated in multiple studies[@b59]--[@b62]. Integrating these targeting agents into the current therapeutic strategies may greatly enhance the outcomes for NPC patients. In addition to NOTCH3, enriched NOTCH4 expression was also found in NPC CSCs[@b24]. NOTCH4 has been identified as a crucial regulator in breast CSCs, and its inhibition was shown to abolish tumor initiation[@b63]. However, the functional roles of NOTCH4 in NPC CSCs have yet to be elucidated[@b36].

The Hh signaling pathway is implicated in the maintenance of stem cells and is commonly dysregulated in EBV-associated NPC[@b48]. Unlike NOTCH3 signaling, the Hh signaling pathway is activated by EBV through autocrine induction of the Sonic Hedgehog (SHH) ligand. Port *et al*.[@b48] demonstrated that the EBV-encoded LMP1 and LMP2A proteins induced the expression of various stemness-related gene products (BMI1 and SOX2) and stem cell surface markers (CD44v6 and CD133) via activation of the Hh signaling pathway. Consistent with these findings, our study also noted that the expression of GLI family zinc finger 1 (GLI1), an effector of the Hh signaling pathway, and the EBV latent genes were enriched in NPC CSCs[@b36]. These findings reveal the detailed mechanisms of EBV-induced CSC phenotypes in NPC.

In NPC, lymph node metastasis is commonly observed. According to the CSC theory, metastasis involves the migration of CSCs from the original site to a distant organ. For chemotaxis of cells to occur, chemokine receptors are required to be present on chemotactic cells along with chemokines in the microenvironment. Among the plethora of chemokines, CCR7 was shown to be related to lymph node metastasis in several types of cancers[@b64]--[@b70]. As mentioned above, the up-regulation of CCR7 expression was found in NPC CSCs and may mediate cell migration in response to its ligand CCL21 in lymph nodes[@b36],[@b71]. In addition to enhancing lymph node metastasis, CCR7 is crucial for the survival of CSCs. We found that the blocking of this receptor with a neutralizing antibody resulted in a significant reduction in the sphere-forming ability of C666-1 cells. In addition to CCR7, we noted that the chemokine (C-X-C motif) ligand 8 (CXCL8) was highly up-regulated in the CSC subpopulation. Using the inhibitor of CXCL8 or its receptor CXCR2, the contribution of CXCL8 and CXCR2 in the tumor sphere-forming properties via the phosphatidylinositol 3 kinase (PI3K)/AKT signaling pathway in NPC C666-1 cells was determined[@b72]. These findings indicate the important roles that chemokine-mediated signaling plays in the maintenance of CSCs in NPC.

Aberrant miRNA expression {#s6}
=========================

Aberrant miRNA expression is a key post-transcriptional regulatory mechanism in the tumorigenesis process. It has been reported that *miR-200a* contributes to the epithelial-mesenchymal to stem-like transition in NPC cells via the targeting of zinc finger E-box-binding homeobox 2 (ZEB2) and catenin (cadherin-associated protein), beta 1 (CTNNB1). The inhibitory effect of *miR-200a* expression on the properties of stem-like cells, including tumor sphere formation and *in vivo* tumorigenicity, and on stem cell marker expression was demonstrated in EBV-positive C666-1 cells[@b73]. Using the microRNA microarray, we also noted the significant repression of multiple stemness-repressing miRNAs, such as *miR-96* and *miR-183*, in the sphere-forming cells (unpublished finding). These findings suggest that miRNAs play a functional role in regulating the properties of CSCs in EBV-associated NPC.

CSCs as Potential Therapeutic Targets {#s7}
=====================================

The failure to eradicate drug-resistant CSCs has been proposed to be the core reason for tumor relapse after treatment[@b74],[@b75]. The drug-resistant properties of CSCs have been shown to be due to the overexpression of ABC transporters[@b76], which are responsible for the efflux of therapeutic drugs[@b77],[@b78]. ABC transporters have been shown to be overexpressed in other CSCs, such as ABCB5 in hepatocellular carcinoma (HCC) CSCs[@b79]. In NPC CSCs, several ABC transporters, such as ATP-binding cassette subfamily C, member 3 (ABCC3) and ABCC11, were found to be highly up-regulated[@b36]. Furthermore, the CD44^+^ NPC CSCs, which are resistant to cisplatin and doxorubicin, exhibited overexpression of ABCC3 and ABCC11[@b36]. These findings suggest that the overexpression of these ABC transporters is responsible for the drug resistance in NPC CSCs. Notably, ABCC11 directly induces resistance to 5-FU, which is a main chemotherapeutic drug for treating NPC patients. The overexpression of ABCC11 in NPC CSCs may reduce the survival of this subpopulation during 5-FU treatment and lead to future tumor relapse. The resistance of NPC CSCs to radiotherapy was demonstrated in a study on the therapeutic potential of a mutant vesicular stomatitis virus (VSVΔ51) for treating EBV-positive NPC[@b80]. The VSVΔ51 effectively eradicated the sphere-forming cells in multiple EBV-positive NPC models and greatly enhanced their sensitivity to treatment with ionizing radiation. Interestingly, depletion of the stem cell-associated gene *BMI-1* was also found to significantly sensitize NPC cells to radiation[@b81]. Furthermore, the aberrant signaling pathways (e.g., NOTCH3 and PI3K/AKT) may promote the survival of the CSC subpopulation in NPC.

Because CSCs resist the conventional treatments for NPC, the development of novel therapies targeting CSCs may provide an efficient strategy for improving patient outcomes. Although few studies have investigated the targeting of the CSCs in EBV-positive NPC, the encouraging findings demonstrate its potential as a new clinical intervention for NPC patients. As mentioned above, NOTCH3 inhibition and the VSVΔ51 treatment greatly enhanced the efficiency of chemotherapy and radiotherapy, respectively, in the *in vitro* and *in vivo* EBV-positive NPC models[@b58],[@b80],[@b81]. AT13387, a heat shock protein 90 (Hsp90) inhibitor, is currently undergoing clinical trials for treating various human cancers. A recent study demonstrated its potential effect in targeting the CSC subpopulation in EBV-positive NPC[@b74]. The AT13387 treatment effectively inhibited the formation of tumor spheres, reduced the expression of CSC markers, and suppressed *in vivo* tumorigenicity of C666-1 cells. Recently, short hairpin RNA (shRNA) approach has been used to target *BMI-1* and enhance the radiotherapy sensitivity of CD44^+^ NPC CSCs[@b82]. EBV LMP1 has shown to induce CSC properties and contribute to resistance to radiotherapy[@b83]. It has been demonstrated that E3-ligase Skp2 and CD24 regulate CSC properties[@b84],[@b85]. Thus, a similar shRNA approach[@b82] can be used to suppress CSC-related makers and signaling molecules[@b83]--[@b85]. Notably, the loss of phosphatase and tensin homolog deleted on chromosome ten (*PTEN*) gene can lead to the emergence and proliferation of CSC clones and reveal the potential of therapeutic targeting of tumors that lack *PTEN* expression[@b86]. A similar treatment strategy can be used for NPCs showing reduced IκB kinase α (IKKα) expression[@b87]. These findings provide preclinical evidence supporting the use of CSC-targeting agents as novel drugs for the systematic treatment of NPC. Further elucidation of the inhibitors of the signaling pathways associated with CSCs, such as the NOTCH, WNT, and Hh signaling pathways, or shRNA targeting CSC markers, including CCR7 and CD44, are necessary for the development of efficient therapeutic approaches for treating NPC.

The application of antisense strategies for NPC therapeutics has been of particular interest, especially the potential therapeutic approach in targeting EBV genes in NPC. Studies have demonstrated that the suppression of LMP1 in C666-1 cells resulted in the inhibition in tumor cell motility, adhesion, and transmembrane invasion ability[@b88], whereas the suppression of LMP2A in C666-1 cells resulted in the inhibition in cell proliferation and colony formation[@b89]. These findings further confirmed that EBV-encoded LMPs are potential therapeutic targets for EBV-associated malignancies. A recent study demonstrated that the radiosensitivity of NPC was increased by using DNAzyme 1 (DZ1), a deoxyribozyme that was specifically designed to target *LMP1* mRNA[@b90]. DNAzyme is a small, *in vitro* selected DNA enzyme that targets on RNA substrates[@b91]. The study by Cao *et al*.[@b90] shed light on the clinical use of targeting LMP1 by DNAzyme in treating NPC patients.

Conclusions {#s8}
===========

EBV latent infection is not only a critical molecular event in the initiation of non-keratinizing tumors. Its appearance in all tumor cells suggests that it also plays an essential role during the development of NPC. The identification of the CSCs in EBV-associated NPC cell lines reveals that their phenotype is distinct from that in EBV-negative cell lines. The involvement of CSC properties in nasopharyngeal epithelial cells by EBV-encoded LMP1 and LMP2A proteins implies that the induction and maintenance of the CSC subpopulation is an important role of EBV in NPC tumorigenesis. Nevertheless, the precise role of EBV in CSCs still needs to be demonstrated in more EBV-positive NPC models or primary tumors. In most NPC cases, LMP1 and LMP2A were only highly expressed in a subpopulation of tumor cells. Characterizing the CSC properties of the subpopulations with high expression of LMP1 and LMP2A proteins may provide direct evidence of the role of EBV. Furthermore, in addition to unveiling the unique features of CSCs in NPC, studies demonstrated that the targeted CSC subpopulation have the potential to greatly enhance the efficiency of conventional radiotherapy and chemotherapy in the *in vitro* and *in vivo* models. These exciting findings indicate a new treatment intervention for NPC patients. However, only a few preclinical studies on CSC-targeting agents have been conducted for EBV-associated NPC. More therapeutic agents or inhibitors targeting the CSC-associated signaling pathways need to be elucidated in preclinical studies and clinical trials involving NPC patients. We envision that collaboration between clinicians and scientists in the fields of EBV, NPC, and stem cell biology will facilitate the quest for a complete cure of NPC.
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